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Mathematical modelingIn this work, we have investigated the effects of atmospheric CO2 and O2 on induction events in Hibiscus rosa-
sinensis leaves. These effects manifest themselves as multiphase kinetics of P700 redox transitions and non-
monotonous changes in chlorophyll ﬂuorescence. Depletion of CO2 and O2 in air causes a decrease in linear
electron ﬂux (LEF) and dramatic lowering of P700+ level. This is explained by the impediment to electron efﬂux
from photosystem 1 (PS1) at low acceptor capacity. With the release of the acceptor deﬁcit, the rate of LEF
signiﬁcantly increases. We have found that oxygen promotes the outﬂow of electrons from PS1, providing the
rise of P700+ level. The effect of oxygen as an alternative electron acceptor becomes apparent at low and
ambient concentrations of atmospheric CO2 (≤0.06–0.07%). A decrease in LEF at low CO2 is accompanied by a
signiﬁcant (about 3-fold) rise of non-photochemical quenching (NPQ) of chlorophyll ﬂuorescence. Such an
increase in NPQ can be explained by more signiﬁcant acidiﬁcation of the thylakoid lumen. This occurs due to
lessening the proton ﬂux through the ATP synthases caused by a decrease in the ATP consumption in the
Bassham–Benson–Calvin (BBC) cycle. pH-dependent mechanisms of electron transport control have been
described within the frames of our mathematical model. The model describes the reciprocal changes in LEF
and NPQ and predicts the redistribution of electron ﬂuxes on the acceptor side of PS1. In particular, the
contribution of cyclic electron ﬂow around PS1 (CEF1) and water–water cycle gradually decays during the
induction phase. This result is consistent with experimental data indicating that under the steady-state
conditions the contribution of CEF1 to photosynthetic electron transport in Hibiscus rosa-sinensis is
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Elucidation of the mechanisms of electron transport control and
adaptation of photosynthetic organisms to varying environmental
conditions is a topical problem of biophysics and biochemistry of
photosynthesis (see for review [1–12] and references therein). In
photosynthetic systems of oxygenic type (cyanobacteria, algae and
chloroplasts of higher plants), the ﬂexibility of photosyntheticapparatus in response to environmental changes is achieved by
several regulatory mechanisms. At the level of photosynthetic
electron transport chain, a short-term regulation of photosynthesis
involves (i)activation of the Bassham–Benson–Calvin (BBC) cycle
enzymes [13–16]; (ii) redistribution of electron ﬂows through
different pathways (noncyclic/cyclic/pseudocyclic electron transport)
[17–29]; (iii)redistribution of light quanta between PS2 and PS1
(“state 1”↔ “state 2” transitions) [3,4,9]; (iv)modulation of the rate
of electron transport between PS2 and PS1 [30–36], and (v)
dissipation of excess energy in the light-harvesting antenna of PS2
[12,37–48]. The latter two processes are associated with the light-
induced acidiﬁcation of the thylakoid lumen. A decrease in the lumen
pH is known to decelerate the plastoquinol (QH2) oxidation by
the cytochrome b6f complex, which impedes the electron ﬂow to
P700+ [31–36]. Acidiﬁcation of the lumen also causes the protonation of
the PsbS subunit of PS2 that triggers the dissipation of excess absorbed
light energy as heat [37–40]. Short-term feedback control of
photosynthesis also includes regulation of chloroplast gene expression
(withinminutes) in response to perturbations of the redox state of the
plastoquinone pool [6,12] or temperature changes [41].
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pathways provides efﬁcient and well-balanced output of ATP and
NADPH to satisfy the requirements of plant metabolism. According to
resent estimates (see for review [5,8]), a liner electron ﬂow (LEF) from
water to NADP+ (H2O→PS2→PS1→NADP+) provides the forma-
tion of ATP and NADPH in the ratio 9:7. This value is insufﬁcient to
support CO2 ﬁxation in the BBC cycle, which requires the ratio ATP:
NADPH=9:6. In C3 plants, under photorespiring conditions and
nitrate assimilation to glutamate, the energy requirements for CO2
ﬁxationwas estimates as ~1.43 ATP:NADPH [11], resulting in deﬁcit of
~0.13 ATP molecules per NADPH molecule reduced by LEF [8]. The
ﬂexibility of electron transport pathways in chloroplasts helps to
optimize the operation of the photosynthetic apparatus, providing the
required ATP:NADPH ratio. Type I ﬂexibility mechanism (according to
terminology suggested by Kramer and co-workers [7–10]) is achieved
by modulating the inﬂux of protons into the lumen per NADP+
reduced. This mechanism implies the contribution of cyclic electron
ﬂow around PS1 (CEF1) and/or water–water cycle (WWC) into
generation of the proton motive force that would provide the
formation of additional ATP molecules. CEF1 is known to operate in
addition to LEF in cyanobacteria and C4-plants [17]. In C3 vascular
plants, the situation with CEF1 is less resolved [21]. When molecular
oxygen rather than NADP+ acts as a terminal electron acceptor in PS1,
it is eventually reduced to water during operation of WWC [25–28].
Although CEF1 and WWC do not reduce NADP+, they contribute to
generation of the transmembrane electrochemical gradient of protons
needed for operation of ATP synthase complexes. Thus, the proper
stoichiometric ATP:NADPH ratio of 3:2 required for the BBC cycle
operation could be attained due to the coordinated operation of
alternate pathways of electron transport. Type II mechanism is
believed to be associated with changing the effects of proton ﬂux
through the ATP synthase, without altering the ATP:NADPH output
ratio [8,9].
Data concerning the functional role of alternate electron transport
pathways are controversial (see reviews [1,2,7,12–15] and references
therein). Tagawa and collaborators [42] were among the ﬁrst to obtain
evidence for activation of cyclic photophosphorylation under anaer-
obic conditions. However, some observations suggest that the
removal of oxygen inhibits, rather than stimulates, cyclic electron
transport [43]. The physiological role of oxygen as an alternative
electron acceptor in PS1 (the Mehler reaction) of C3 plants in vivo
remains a matter of discussion. According to some reports, WWC is of
minor importance and contributes only about 10% of total electron
ﬂow between PS2 and PS1 (see for review [26–28,44]). Therefore,
many authors suppose that the Mehler reaction has no principal role
in the functioning of the photosynthetic machinery in C3 plants.
However, there is another view on the role of oxygen in plant
metabolism. For instance, oxygen is required for activation of Rubisco
[45]. There is evidence that WWC can serve as a starter initiating
energy-dependent events during the induction phase of photosyn-
thesis [26]. It is supposed that the electron efﬂux from PS1 to oxygen
prevents excessive accumulation of reduced electron carriers on the
acceptor side of PS1 [24–27,44]. According to various estimates (see
reviews [5,7,8]), the required ATP:NADPH ratio can be achieved if the
electron ﬂux diverted to CEF1 and oxygen constitutes a minor
fraction, even as small as 10-15% of LEF. The relative contribution of
WWC may vary depending on physiological factors. For example, the
electron ﬂows related to CO2 and O2 reduction in C3 plants are
redistributed upon lowering of leaf water content [21,46].
Among the diversity of short-term regulatory processes that serve
to optimize photosynthesis, noteworthy are the mechanisms associ-
ated with light-induced changes in the lumen pH (pHi) and stroma
pH (pHo). Modulation of pHi is one of main factors controlling the rate
of electron ﬂow between PS2 and PS1. The lowering of pHi slows
down electron transfer at the cytochrome b6f segment of electron
transport chain (phenomenon known as photosynthetic control[31–36]). Another important regulatory mechanism, preventing
over-excitation of PS2 and excessive acidiﬁcation of the lumen, is
the enhancement of energy dissipation in the light-harvesting
antenna of PS2. This results in increased non-photochemical quench-
ing (NPQ) of chlorophyll ﬂuorescence [11,37–40]. Another aspect of
pH-dependent regulation of electron transport is associated with the
light-induced modulation of stroma pHo. It is well-known that
induction phenomena in photosynthetic systems are determined to
a great extent by the light-induced activation of the BBC cycle that
ensure carbon dioxide ﬁxation at the expense of NADPH and ATP [1].
Along with the redox-dependent modulation of the BBC enzymes via
the thioredoxin/thioredoxin-reductase system [47], the light-induced
rise of stromal pH is also considered as one of the crucial factors that
initiates the BBC cycle activation [1,13].
The mechanisms of electron transport control brieﬂy considered
above provide metabolic stability of photosynthetic apparatus upon
ﬂuctuations of environmental conditions, e.g., variations of atmo-
spheric gases. Fluctuations in concentrations of CO2 and O2 around
photosynthesizing leaves are well recognized. According to [48],
oscillations of ambient atmospheric CO2 concentration lasting for a
minute or longer at low O2 level (in order to eliminate photorespi-
ration) may alter in vivo rate of LEF and photosynthetic CO2 uptake in
wheat leaves. De-aeration of the leaf atmosphere [49,50] and
depletion of oxygen in the suspension of cyanobacterial cells due to
respiration [51,52] have an essential impact on photosynthetic
electron transport.
The aim of this study is to examine the inﬂuence of terminal
electron acceptors (CO2 and O2) on the light-induced regulation of
photosynthetic processes in Hibiscus rosa-sinensis leaves. Effects of
illumination prehistory and concentrations of CO2 and O2 on
photosynthetic electron transport have been investigated. Experi-
mental data are analyzed within the frames of our mathematical
model of electron and proton transport processes in chloroplasts.
2. Materials and methods
2.1. Plant material
Mature leaves of a room plant Hibiscus rosa-sinensis were used for
EPR and ﬂuorescence study of electron transport in chloroplasts in
situ. Plants were grown in soil under natural lighting at day/night
temperatures in the interval 20–24 °C and ~70–80% relative humidity.
Our choice of Hibiscus rosa-sinensis as C3 plant is explained by the
following reasons. This plant has tough leaves of regular shape
convenient for studding photosynthetic electron transport by the EPR
and PAM-ﬂuorimetry methods. Our experiments demonstrated that
cuttings of Hibiscus rosa-sinensis leaves survived after several turns of
short-term changes in CO2 and/or O2 concentrations in gas phase.
Reproducible results were obtained after several cycles of illumina-
tion (see Fig. 8 and other details in Section 4.2).
2.2. Control of gas composition
During EPR measurements, a sample was positioned inside a
quartz tube where the gas composition was controlled by pumping a
mixture of gases containing molecular oxygen (O2), carbon dioxide
(CO2), and neutral gas (N2 or Ar) in various proportions. For
chlorophyll ﬂuorescence measurements, a portable ﬂuorimeter with
an attached leaf sample was placed into a special housing with
controlled gas composition. The gas streams passing through a quartz
tube positioned in the cavity of the EPR spectrometer, or passing
through the ﬂuorimeter housing, were ﬁnely adjusted by ﬂow control
valves inserted in the path between the gas tanks and the measuring
equipment. In order to avoid drying artifacts owing to fanning the
samples, a mixture of gases was moistened by passing through a
vessel ﬁlled with distilled water. Concentrations of O2 and CO2 were
Fig. 1. Light-induced changes in chlorophyll ﬂuorescence in dark-adapted Hibiscus
rosa-sinensis leaves exposed to the treatment with saturating light pulses (indicated
by vertical arrows) and continuous actinic light used for assaying non-photochemical
ﬂuorescence quenching. Prior to the application of ﬁrst saturating light pulse,
pre-illuminated leaf was adapted to the dark for 10 or 1 min, as indicated.
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(Oldham, France), respectively.
2.3. EPR measurements of P700 redox transients
For EPR measurements, freshly cut segments of leaves (3 ×
30 mm) were placed in a transparent plastic holder freely admitting
atmospheric air or surrounding artiﬁcial mixture of gases. The holder
with the specimen was placed into a quarts tube positioned at the
center of the rectangular resonator of the Varian E-4 spectrometer
(X-band). EPR signal attributed to oxidized centers P+700 was
registered at microwave power 10 mW and high-ﬁeld modulation
amplitude 4 G. To record the light-induced redox transients of P700,
the magnetic ﬁeld was ﬁxed at the low-ﬁeld peak of the ﬁrst
derivative of the EPR signal. The time constant was 0.1 s. Specimens
inside the resonator were illuminated with white light from a 100 W
incandescent tungsten lamp focused on the resonator window.
Infrared radiation was cut off with a 5-cm thick water ﬁlter. Actinic
light intensity on the specimen surface was 320 W/m2.
To standardize the experimental conditions, a sample placed into
the EPR spectrometer cavity was ﬁrst illuminated with white light for
1 min and then adapted to darkness for 10 min (unless otherwise
speciﬁed). Following this pre-treatment, we then recorded the
kinetics of light-induced changes in the amplitude of the EPR signal
from P+700. All EPR measurements were performed at room tempera-
tures (22–24 °C).
2.4. Leaf chlorophyll ﬂuorescence measurements
Chlorophyll ﬂuorescence in leaves was measured with a portable
pulse amplitude modulation (PAM) ﬂuorimeter (FluorPen FP100,
Photon Systems Instruments, Czech Republic). This instrument is
devised for measurements of fast ﬂuorescence transients (O-J-I-P
kinetic curve), as well as for determination of non-photochemical
ﬂuorescence quenching according to the commonly accepted illumi-
nation protocol for PAM-ﬂuorimetry [37]. The excitation light had
maximal intensity at 475 nm, spectral half-width 25 nm. In recording
the non-photochemical quenching of chlorophyll ﬂuorescence,
saturating pulse power was 3000 μE∙m−2∙s−1 (760 W/m2), intensity
of continuous actinic light was 300 μE∙m−2∙s−1 (76 W/m2). Probing
pulses of 900 μE∙m−2∙s−1 (230 W/m2) followed at 1-s intervals. Fast
ﬂuorescence transients (O-J-I-P) were induced by light pulses
followed at sampling intervals varying from 10 μs to 10 ms.
Fluorescence measurements were performed on freshly cut leaf
segments (10 × 10 mm) attached to the ﬂuorimeter placed into a
camera with controlled gas composition. All ﬂuorescence measure-
ments were performed at room temperatures (22–24 °C).
2.5. Fluorescence parameters and rate constants
Chlorophyll ﬂuorescence measurements provide a means to
quantify the efﬁciency of photochemical processes as well as heat
dissipation of absorbed light energy in chloroplasts. PAM-ﬂuorometry
allows researchers to separate the contributions of photochemical and
non-photochemical ﬂuorescence quenching [37–40]. Fig. 1 shows
typical changes in chlorophyll ﬂuorescence in Hibiscus rosa-sinensis
leaves as measured with conventional PAM-ﬂuorimetry protocol.
Arrows indicate the moments when saturating light pulses were
applied either in darkness or on the background of continuous actinic
light. The F0m value designates the maximum yield of ﬂuorescence
induced by the ﬁrst saturating pulse in a dark-adapted leaf. After
switching on continuous actinic light, ﬂuorescence ﬁrst increases
rapidly and then diminishes slowly. Such non-monotonic time
pattern, often termed ‘slow ﬂuorescence induction’, has long been
known as the Kautsky effect [1,53]. In line with a slow decline of
ﬂuorescence, the ﬂuorescence level Fm' (t), probed by saturating pulseat appropriate time moment t, also lowers. This reﬂects a decrease in
quantum yield of chlorophyll ﬂuorescence caused by the enhance-
ment of NPQ. The extent of NPQ measured at given moment of time t
is quantiﬁed with the qNPQ value [37,40]:
qNPQ ðtÞ =
F0m−F′mðtÞ
F′mðtÞ
ð1Þ
Parameter qNPQ measures changes in heat dissipation of energy in
the light-harvesting antenna of PS2 relative to initial dark-adapted
state [37,40]. The dominant contribution to NPQ gives so-called ‘high
energy state quenching’ (often reported as qE) associated with
chloroplast energization caused by acidiﬁcation of the thylakoid
lumen. The contribution of a ‘state transition quenching’ (qT) to NPQ,
associated with the energy redistribution between PS2 and PS1, is
usually small and manifests itself only at low intensity illumination
[40].
Another ﬂuorescence parameter used to quantify electron ﬂux
through PS2 is the ΦPS2 value (often termed as “PS2 operating
efﬁciency” [37,40]) determined as
ΦPS2 =
F′mðtÞ−FðtÞ
F′mðtÞ
ð2Þ
Here, F(t) stands for ﬂuorescence intensity measured immediately
before the action of saturating pulse given at the time moment t.
Parameter ΦPS2 (also designated as Fq′/Fm′ or ΔF/Fm′ [37,40]) char-
acterizes the quantum yield of PS2 photochemical activity. It has been
suggested to use parameter ΦPS2 for measuring LEF in chloroplasts in
vivo [37,40]:
JLEF = PPFD⋅α2⋅ΦPS2 ð3Þ
where PPFD is the photosynthetically active photon ﬂux density (μmol
photon∙m−2∙s−1) of absorbed light andα2 is a partitioning factor that
accounts for the energy distribution between PS2 and PS1.
To characterize photosynthetic activity of chloroplasts, we also
used the photochemical quenching parameter qp, which is the current
proportion of open PS2 centers [37,40]. Parameter qP was calculated
according to [54] as the following term
qP =
F′mðtÞ−FðtÞ
F′mðtÞF0 = ððF0mF0Þ=Fm + F0=F′mðtÞÞ
ð4Þ
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For quantitative analysis of experimental data, we simulated the
light-induced processes in chloroplasts within the framework of a
mathematical model developed previously [55–65]. This model
considers the key steps of photosynthetic electron and proton
transfer, the trans-thylakoid proton transport coupled to ATP
synthesis (Fig. 2) and proton exchange between the lumen, stroma
and cytoplasm (see Supplementary data). Numerical experiments
were run to describe the light-induced redox transients of electron
carriers P700, P680, plastoquinone (Q), plastocyanin (Pc), ferredoxin
(Fd), NADP, as well as ATP synthesis and pH changes in the chloroplast
lumen (pHi) and stroma (pHo).
3.1. Electron transport processes
The scheme of electron transport processes under consideration
(Fig. 2) includes the main stages of electron transfer in thylakoids. The
model takes into account three alternative pathways of electron outﬂow
from PS1. The ﬁrst one is associated with the noncyclic electron ﬂow
from PS2 to NADP+ (H2O→PS2→Q → PS1→Fd→NADP+) which
produces NADPH. The terminal two-electron acceptor NADP+ is
localized in stroma. NADPH serves as a hydrogen donor in the BBC
cycle. The second pathway is a ‘short’ cyclic electron ﬂow around PS1
(CEF1) that returns electrons to the electron transport chain in the
region between PS2 and PS1. In this way, electrons from reduced Fd
molecules are delivered to the plastoquinone pool without the NADP+
reduction. The thirdpath of electronoutﬂow fromPS1 is associatedwith
the Mehler reaction (electron transfer from Fd to O2).
Our model describes the light-induced generation of a trans-
thylakoid pH difference (ΔpH=pHo - pHi) which is the driving force
for ATP synthesis by the membrane-bound F0F1-ATP synthase.
Consumption of ATP and NADPH in the BBC cycle is also taken into
consideration. The model envisages pH-dependent activation of the
BBC cycle reactions upon the light-induced alkalization of stroma (see
[62,64,65] and Supplementary data for details).
3.2. Proton transport processes
Within the frames of our model, protons accumulate inside the
thylakoid owing to light-induced splitting of water in PS2 and
plastoquinol (QH2) oxidation by the b6f complex (see Fig. 2 and
Fig. 1A in Supplementary data). Protons drain from the lumen in two
ways: (i) via the F0F1-ATPsynthase (proton ﬂux JATP coupled to ATP
synthesis), and (ii) by passive leakage (proton ﬂux Jpass). ATP-
dependent proton ﬂux JATP is a function of variables [H+i ] and [H+o],Fig. 2. Scheme of electron and proton transport processes considered in the model.the lumenal and stromal concentrations of hydrogen ions, and ATP
concentration in stroma (see Supplementary data and [65]). Passive
proton ﬂux Jpass is independent of [ATP]. The model also takes into
account the proton exchange between stroma and cytosol (proton ﬂux
Jcyt). The value of pH in the cytoplasm is taken to be constant
(pHcyt=8.0) owing to a high buffer capacity of the cytosol. Algebraic
functions describing proton ﬂuxes were described earlier (see original
works [55–66] and appropriate comments in Supplementary data).
3.3. Electron ﬂuxes, rate constants, model parameters and computation
details
The apparent rate constants for partial reactions of electron and
proton transport were determined by ﬁtting respective experimental
and simulated kinetic curves as described earlier (see [65] and
references therein). Effects of pH-dependent down-regulation of PS2
photochemical activity and electron transfer rate from PS2 to P700+
were modeled as described in [65]. Plastoquinol oxidation by the b6f
complex is the rate-limiting step in the electron transport chain
between PS2 and PS1. The inﬂuence of pHi on this reaction is
described in [65] (see Supplementary data for computational details).
To model effects of non-photochemical dissipation of energy in PS2,
parameter L2 (a number of light quanta exciting P680 per unit time)
was set as a phenomenological sigmoid function L2(pHi) which value
decreased with the lumen acidiﬁcation [64,65].
Partial electron ﬂuxes from PS1 to NADP+ (JBBC), to oxygen (JO2),
and cyclic electron ﬂux around PS1 (JCEF1), as well as NADPH and ATP
consumption in the BBC cycle were calculated as described in
Supplementary data. Differential equations for the description of
redox transients of electron carriers, pH changes, ATP synthesis and
ATP consumption, are listed in the Supplementary data. The choice of
effective rate constants and parameterization of pH-dependent
electron transport processes are detailed in [65].
4. Results and discussion
4.1. Effect of atmospheric O2 and CO2 on light-induced redox transients
of P700
4.1.1. Effects of illumination prehistory
Photosynthetic electron transport depends on illumination pre-
history. This phenomenon is termed in general as ‘induction
phenomenon’ [1,53]. Electron paramagnetic resonance (EPR) is a
convenient means to study induction phenomena in optically dense
specimens, higher plant leaves in particular. The EPR method is
readily suitable for monitoring the redox state of PS1 reaction centers
P700. Fig. 3A shows EPR spectra of Hibiscus rosa-sinensis leaves in
darkness and in light, as indicated. The light-induced EPR signal has a
peak-to-peak width of ΔHpp≈8–9 G. This signal is attributed to the
ion-radical P700+ of PS1 [67].
Fig. 3B shows typical patterns of P700 photooxidation in dark-
adapted leaves. Before the EPR measurements, each sample was pre-
illuminated for 1 minwith the white light (WL) and thenwas adapted
to the dark. As one can see, after sufﬁciently long dark adaptation
(tad≥1–5 min), the kinetics of P700 photooxidation was clearly multi-
phasic. A comparatively small (10–20%) initial jump of the EPR signal
(stage A) was followed by a short lag phase and subsequent S-shaped
signal increase (stage B). The duration of the lag phase preceding the
signal rise in phase B increased with the adaptation time. The third
distinct phase (stage C) was manifested as a comparatively slow
(τ1/2~30–60 s) increase in the EPR signal. After ceasing the illumina-
tion, the EPR signal returned to its initial level. Repeated illumination
after a short dark period (≤30 s) resulted in fast monotonous
oxidation of P700. In this case, the separation between phases A, B
and C disappeared.
Fig. 3. EPR spectra of Hibiscus rosa-sinensis leaves measured in dark and in light as
indicated (A), and kinetics of light-induced changes in the amplitude of the EPR signal
from P700+ (B). After 1-min pre-illumination with white light, samples were adapted for
0.5, 1, or 8 min to the dark, as indicated.
Fig. 5. Effects of atmospheric oxygen on the steady-state amplitude of the EPR signal from
oxidized centers P700+ in Hibiscus rosa-sinensis leaves (denoted by stars, n=4–7, vertical
bars are SE) or calculatedwithin the frames of themodel for various concentrations of CO2
(denoted by solid circle, and up and down triangles, as indicated).
340 I.V. Kuvykin et al. / Biochimica et Biophysica Acta 1807 (2011) 336–347Fig. 4 illustrates how the induction phase, characterized by
parameter τ1/2 (the half-time of the kinetic phase B), depends on the
dark adaptation time, tad. It can be seen that the dark adaptation
interval of 8–10 min is sufﬁcient for relaxation to the ‘dark-adapted
state’ routinely used in this work to standardize a state of pre-
illuminated sample before the EPR and ﬂuorescence measurements.
Note that the distinctions in kinetic behavior of P700 in dark-adapted
and pre-illuminated leaves could be caused by de-energization of
chloroplasts in darkness (dissipation of ΔpH) and adaptive changes
in the photosynthetic apparatus [1]. For example, the BBC cycle
metabolites might be present in larger amounts in pre-illuminated
samples (these metabolites can persist for long periods in darkness
[1]), thus favoring a faster activation of the BBC cycle. The discussion
of this topic goes beyond the scope of the present article. However,
we have to emphasize that induction effects should be taken into
account for correct standardization of experimental conditions in
studies with intact photosynthetic systems.
4.1.2. Effect of O2 and CO2 on photooxidation of P700
Electron transport in Hibiscus rosa-sinensis leaves strongly
depends on the presence of oxygen and CO2. Fig. 5 shows how a
steady-state level of P700+ gradually decreases with depletion of O2 in
air surrounding a sample. In this experiment, a specimen (a cut-out
piece of the leaf placed into a cavity of the EPR spectrometer) was
blown with a mixture of N2 and O2 gases. In de-oxygenated samplesFig. 4. Dependence of the induction phase parameter τ1/2 (the half-time of phase B in
the kinetics of P700 photooxidation) on the dark adaptation time.([O2]b0.5%), a level of photooxidized centers P700+ was insigniﬁcant,
being comparable to the ﬁrst phase of P700 oxidation (phase A)
observed under aerobic conditions ([O2]=21%). The strong depres-
sion of P700+ level under anaerobic conditions can be explained, at least
partly, if we consider oxygen as an alternative electron sink in PS1
[24–28,50-52]. The deﬁcit of oxygen would result in accumulation of
reduced electron carriers on the acceptor side of PS1. The “over-
reduction” of PS1 acceptors should prevent P700 photooxidation.
There are clear indications that the strong decrease in P700+ level,
observed after relatively short-term (~5–10 min) blowing of samples
with N2 gas, is associated with the removal of oxygen, but not only
due to depletion of endogenous CO2. Actually, the leaves incubated in
the atmosphere of O2 and N2 (21% O2 without CO2) displayed
practically the same steady-state level of P700+ (Fig. 6, column 4) as thatFig. 6. Effects of atmosphere gas composition on the steady-state level of P700+ (columns
1–7 in the bottom panel). The upper panel shows the post-illumination kinetics of
P700+ reduction in control and DCMU-treated leaves. Concentration of O2 in experiments
corresponding to columns 1, 2, 4, and 6 was 21%. Concentration of CO2 in experiments
corresponding to columns 2 and 5 was 1%.
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the air with the elevated content of CO2 (Fig. 6, column 2). It should be
noted that a shortage of O2 can be compensated by high atmospheric
CO2, the physiological sink of electrons in PS1 (Fig. 6, column 5). All
these observations indicate that a signiﬁcant decrease in the P700+ level
in the leaves exposed to N2 gas (Fig. 5) resulted from the removal of
O2, but not merely from the depletion of endogenous CO2. This
conclusion ﬁnds another support from the measurements of chloro-
phyll ﬂuorescence (Section 4.2.) and theoretical modeling of the plot
of [P700+ ] versus O2 concentration at different partial pressures of
atmospheric CO2 (Fig. 5).
Note that a decrease in the level of P+700 under the low electron
acceptor conditions could bedetermined, in principle, by two factors: (i)
an impediment to electron outﬂow from PS1, and (ii) an acceleration of
electron input to P700+ . As one might expect, a deceleration of LEF under
the low acceptor capacity conditions would slow down the operation of
proton pumps, resulting in a decrease in ΔpH. This in turn would
accelerate electron ﬂow from PS2 to PS1. However, PAM-ﬂuorimetry
data (Section 4.2), as well as our numerical experiments (Section 4.3),
showed that this was not the case.
Another possible reason for reducing the steady-state level of
P700+ at low capacity of electron acceptors might be associated with
redox-dependent activation of CEF1 [68–70]. Oxygen-dependent
electron ﬂuxes to P700+ from endogenous donors (e.g., reduced
metabolites in chloroplasts and mitochondria) could also inﬂuence a
level of P700+ . In order to examine possible effects of O2 depletion on
CEF1, we have compared the control samples with leaves inﬁltrated
with 0.1 mM DCMU (3-(3',4'-dichlorophenyl)-1,1-dimethylurea) so-
lution. At this concentration, DCMU completely inhibits PS2 activity.
Therefore, only CEF1 and/or endogenous reductants other than PS2
could donate electrons to P700+ centers. In DCMU-treated samples, the
steady-state level of P700+ wasmarkedly higher than in control samples
(leaves inﬁltrated with physiological solution without DCMU) (cf.Fig. 7. Fast transients (O-J-I-P curve) of the chlorophyll ﬂuorescence in Hibiscus rosa-
sinensis leaves adapted to darkness in air (for 10 min or 3 s) or in nitrogen (for 10 min)
atmosphere (A), and plots of the ﬂuorescence parameters Fm/F0 and W vs. the dark
adaptation time, tad, for samples exposed to air (B).columns 1 and 6 in Fig. 6). As one can see from the upper panel in
Fig. 6, the post-illumination reduction of P700+ in DCMU-treated leaves
takes much longer time (τ1/2~1 s) than in control samples (τ1/2≤
100 ms, see also [71]). This data imply that in DCMU-treated leaves
the electron ﬂux to P700+ is negligible as compared with control
(untreated) leaves. Therefore, we can conclude that under the steady-
state conditions CEF1 and endogenous electron donors give insignif-
icant contribution to P700+ reduction as compared with the electron ﬂux
from PS2. These data are consistent with the reports that in C3 vascular
plants steady-state CEF1 in vivo constitutes ≤10–15% of steady-state
LEF (see for review [8–10,17]).
It should be noted that photooxidation of P700 is sensitive to
oxygen depletion even in DCMU-treated leaves (cf. columns 6 and 7 in
Fig. 6). This result might be interpreted in a way that the removal of
oxygen promotes CEF1, thus lowering the level of P700+ . However, this
is not the case, because the post-illumination reduction of P700+ in
DCMU-treated samples was the same in the air and in O2-free
environment (Fig. 6, upper panel). This result indicates that electron
supply to P700+ from cyclic pathway and/or endogenous donors
remained slow under anaerobic conditions. Note that in O2-free
atmosphere DCMU-treated samples revealed signiﬁcantly higher level
of P700+ than in aerated control leaves (cf. columns 1 and 7 in Fig. 6).
We assume that a decrease in the light-induced signal of P700+ with the
depletion of O2 in DCMU-treated leaves (cf. columns 6 and 7 in Fig. 6)
is explained mainly by the hindrance to electron outﬂow from PS1,
but not due to acceleration of electron input to P700+ via CEF1. Thus, we
conclude that under aerobic conditions oxygen promotes the outﬂow
of electrons from PS1, releasing the over-reduction of the acceptor
side of PS1.
4.2. Effect of atmospheric O2 and CO2 on chlorophyll ﬂuorescence
4.2.1. Effects of pre-illumination history on the O-J-I-P curve
A ﬂuorescence induction curve (O-J-I-P) provides information on
the redox state of the chloroplast electron transport chain. Fig. 7A
compares the O-J-I-P curves in dark-adapted (10 min) samples
exposed to air or to N2 atmosphere. In control leaves, we observed
typical multi-phasic induction curve characterized by the ratio
Fv/Fm≈0.83, where Fv=Fm − F0 is a variable component and Fm is
a maximal level of ﬂuorescence. This value is typical of Fv/Fm values in
dark-adapted leaves of C3 plants [72,73]. Repeated illumination of
aerated sample after the short period of darkness (tad=3 s) showed
the ratio Fv/Fm≈0.56. This is because the short-term adaptation to the
dark (tad=3 s) is insufﬁcient for oxidation of the plastoquinol pool in
pre-illuminated chloroplasts [74,75]. In this case, the initial level of
ﬂuorescence, F0, is markedly higher than after the long-term
adaptation to darkness (tad~10 min). Oxidation of QH2 in the dark
occurs by means of direct interaction with O2 and/or via the
chloroplast terminal oxidases [44]. Fig. 7B shows the plots of
parameters Fm/F0 and W versus the dark adaptation time for samples
exposed to air. ParameterW (an area over theO-J-I-P curve, see Fig. 7A
for deﬁnition), as well as the ratio Fm/F0, can serve as a measure for
oxidized plastoquinone pool [74,75]. One can see that 5-min dark
adaptation ensures almost complete relaxation of chloroplasts to the
state with oxidized plastoquinone pool. This is consistent with
previously reported data for Hibiscus rosa-sinensis leaves [74].
Pre-illuminated samples adapted to darkness (10 min) in the
O2-free atmosphere showed signiﬁcantly higher initial level of
ﬂuorescence (by a factor of 2.6) than aerated samples (Fig. 7A). The
ﬂuorescence rise time to maximal level Fm was signiﬁcantly shorter
than in aerated samples. This provides clear evidence that under
anaerobic conditions the major part of electron carriers localized
between PS2 and PS1 (plastoquinone pool) remained reduced even
after sufﬁciently long (~10 min) adaptation. Note that the presence or
absence of CO2 in the N2-ﬂow did not inﬂuence a shape of the O-J-I-P
kinetic curve (data not shown).
Fig. 9. Effects of atmospheric gas composition on the time-courses of the ﬂuorescence
parameters ΦPS2 (A) and NPQ (B) in Hibiscus rosa-sinensis leaves. During 10-min dark
adaptation, a leaf was blown by the following gases: 1) N2 ([O2]b0.5%, [CO2]b0.005%);
2) N2+O2 ([O2]=21%); 3) N2+CO2 ([O2]b0.5%, [CO2]=0.11± 0.01%); 4) Air; 5)Air+
CO2([CO2]=0.15±0.05%).
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ﬂuorescence
Fig. 8 presents the typical patterns of time-courses of ﬂuorescence
parameters ΦPS2, qP, and qNPQ measured during several successive
cycles of illumination. Samples were dark-adapted (10 min) under
aerobic conditions prior to each illumination cycle. Curves 1, 2 and 4
correspond to the ﬁrst, second and fourth cycles, respectively. Despite
a general similarity between the corresponding kinetic curves,
ﬂuorescence transients slightly differed in response to the ﬁrst
(curve 1) and other cycles of illumination (curves 2, 4). Note that
the difference between all the subsequent curves (cf. corresponding
curves 2 and 4) was not essential. This circumstance is important for
standardizing the protocol for assaying the effects of gases. Usually,
we compared results of three consecutive measurements: i)kinetic
curve obtained for dark-adapted (10 min) sample incubated in air
(the second cycle of illumination); ii) kinetic curve for dark-adapted
sample exposed to modiﬁed gas atmosphere (third cycle of
illumination), and iii) the repetition of measurements on air-
conditioned sample (forth cycle of illumination). Using this protocol,
we could compare an experimental curve with the control ones
measured before and after changes in gas atmosphere. The proximity
of the kinetic curves for the second and fourth cycles of illumination
we considered as a criterion for maintaining the sample intactness
after changes in gas composition.
Fig. 9 shows the effects of O2 and CO2 on the time-courses of
parameters ΦPS2 (Fig. 9A) and qNPQ (Fig. 9B) in Hibiscus rosa-sinensis
leaves. Parameter ΦPS2 is proportional to electron ﬂux through PS2.
Upon blowing a sample with N2 gas ([CO2]bb0.005%; [O2]b0.5%), we
observed a signiﬁcant decrease in the quasi-stationary level of PS2
operating efﬁciency (ΦPS2b0.03). This indicates a low rate of LEF in
deﬁciency of both PS1 acceptors, CO2 and O2. In the presence of one of
these acceptors, either at 21%O2 without CO2 (curve ‘N2+O2’) or at
ambient concentrations of CO2 without O2 (curve ‘N2+CO2’), the
quasi-stationary rate of LEF increased several times (ΦPS2≈0.12).Fig. 8. Time-courses of the ﬂuorescence parameters ΦPS2 (A), qP (B), and qNPQ
(C) measured for several successive cycles of leaf illumination. Numbers at the curves
denote the number of illumination cycle (see explanation in the text).Elevated LEF in CO2-free air demonstrates that the water–water cycle
(H2O→PS2→PS1→O2→H2O) can support sufﬁciently high electron
transport even under the conditions unfavorable for operation of the
BBC cycle. In the normal air atmosphere, the effects of CO2 and O2 are
synergetic (ΦPS2≈0.25, curve ‘Air’). With a signiﬁcant rise of CO2
([CO2]≈1%,curve “Air+CO2”), we observed a further increase in the
operating efﬁciency of PS2 (ΦPS2≈0.37). Signiﬁcant stimulation of
LEF (H2O→PS2→PS1→NADP→CO2) at high concentrations of CO2
is associatedwith the rise of the BBC cycle turnover. An increase in LEF
in the presence of PS1 acceptors (Fig. 9A) correlates with a decrease in
qNPQ (Fig. 9B). Similar observation concerning the reciprocal behavior
of LEF and NPQ at low acceptor power has been reported by Kramer
and collaborators for N. tabacum leaves [76,77].
Fig. 10A compares the dependences of quasi-stationary parameter
ΦPS2 on CO2 concentration in air (at [O2]=21%) and in O2-free gas
mixture (N2+CO2). Both dependences show a monotonous rise of
ΦPS2, which value reaches a maximum magnitude at [CO2]≥0.1–
0.15%. At low and ambient concentrations of CO2 (≤0.07–0.08%), one
can notice a clear difference between aerated and de-aerated samples:
the depletion of O2 caused a decrease in ΦPS2. Less signiﬁcant but also
clear difference between the aerated and O2-free samples was also
observed for parameter qNPQ (Fig. 10B). At high concentrations of CO2
(≥0.1%), the differences between these samples disappeared.
Signiﬁcant increase in ΦPS2 with the rise of PS1 electron acceptor
capacity is not surprising. Interestingly that the acceleration of LEF is
accompanied by a marked decrease in qNPQ (CO2↑→LEF↑→NPQ↓),
indicating a decrease in ΔpH at high concentrations of CO2 (≥0.15%).
How could one explain a down-regulation of NPQ (Fig. 10B) with
stimulation of LEF (Fig. 10A)? A decrease in the qNPQ value certainly
points to a decrease inΔpH. Therefore, we cannot attribute this effect to
acceleration of proton pumping into the lumen. Obviously, the
intensiﬁcation of LEF at high atmospheric CO2 is accompanied by
accelerationof theproton efﬂux fromthe lumen(CO2↑→LEF↑→ΔpH↓).
Actually, a fast rate of carbon assimilation will impose a considerable
drain of NADPH and ATP. Acceleration of ATP utilization in the BBC cycle
Fig. 10.Quasi-stationary values of the ﬂuorescence parametersΦPS2 (A) and qNPQ (B) vs.
the CO2 concentration in the air or in O2-free gas mixture (N2+CO2). Horizontal bars
indicate the intervals of variations of CO2 level during the dark adaptation prior to
ﬂuorescence measurements.
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ΔpH (BBC cycle↑→ATP synthase↑→ΔpH↓).
In the meantime, the rise of NPQ with a signiﬁcant decrease in PS1
acceptor capacity cannot ﬁnd simple mechanistic explanation.
Actually, the turnover of proton pumps coupled to LEF would
decelerate at low CO2. The reciprocal behavior of LEF and NPQ at
low CO2 (CO2↓→LEF↓→NPQ↑) indicates an increase in ΔpH. This
effect might be explained, in principle, by the onset of CEF1 thatwould
promote the proton pumping into the lumen. There is strong evidence
for participation of CEF1 in ATP synthesis in green algae, cyanobac-
teria and in C4 plants [17]. However, in C3 vascular plants the relative
contribution of steady-state CEF1 to proton ﬂux do not change
appreciably when CO2 or when both CO2 and O2 concentrations are
decreased, remaining at low level to account for a signiﬁcant rise of
NPQ (see for review [8]). According to our estimates (section 4.1), in
Hibiscus rosa-sinensis leaves the proportion of CEF1 to steady-state
electron inﬂux to P700+ does not exceed 10–15%. To our opinion, a
reasonable explanation of the up-regulation of NPQ is that a decrease
in the ATP consumption at low atmospheric CO2 leads to deceleration
of the ATP synthase turnover. This will result in reducing the proton
drain from the lumen to stroma and the elevation of NPQ (CO2↓→ATP
synthase↓→ΔpH↑→NPQ↑). The same mechanism of up- and down-
regulation of LEF and NPQ has been derived from our experiments in
silico (section 4.3).
As one can see from Fig. 10, the depletion of O2 at low and ambient
concentrations of CO2 causes a decrease in LEF (Fig. 10A) and a certain
increase in NPQ (Fig. 10B). These effects can be explained by the
Warburg effect in C3 plants [1], i.e., due to enhancement of carbon
assimilation under anaerobic conditions. Interestingly that even at
very low electron acceptor capacity, when the leaf was placed in pure
N2 atmosphere (without CO2 and O2), the qNPQ value was high enough
(≈1.8–1.9). This result demonstrated that photosynthetic electron
transport was maintained at the level sufﬁcient to generate a high
enough ΔpH. It should be emphasized that signiﬁcant decrease in LEF
observed upon ﬂushing the leaf with N2 (Fig. 9A) could not result
exclusively from the depletion of endogenous CO2. A reasonableexplanation is that a short-term (~5–10 min) ﬂushing of the sample
with N2 gas effectively removes oxygen from the leaf interior, but is
insufﬁcient for complete depletion of endogenous source of carbon
(CO2 and/or HCO3−) in the chloroplast stroma. As it was shown with
oxygen-sensitive paramagnetic probes injected into bean leaves
[78,79], the ventilation of the leaf interior was sufﬁcient for
maintaining the oxygen partial pressure at the atmosphere level,
both in the dark or during the illumination of the leaf. Such a good
ventilation of the leaf interior can be explained by rapid, long-distance
diffusion of oxygen from chloroplasts to leaf stomata [78,79]. In
O2-free atmosphere containing ambient or low concentrations of CO2,
the efﬁciency of PS2 operation was markedly lower than in air
(Figs. 9A and 10A). This means that oxygen acted as an efﬁcient
optional sink for electrons, helping to elevate the rate of electron
transfer through PS1.
Concerning the role of oxygen as an alternative electron acceptor
in chloroplasts, it is interesting to remember some circumstances
noted in the recent work [80]. In chloroplasts, the concentrations of
CO2 and O2 are below their KM values for Rubisco (KM=9 μM for CO2
and KM=535 μM for O2 [81]). Owing to a high concentration of
Rubisco active sites in chloroplasts (up to ~4−10 mM, in C3 plants
[82,83]) and low stromal concentration of CO2 (~12 μM, in equilib-
rium with air at 25 °C), Rubisco should drastically deplete CO2 in the
vicinity of its active sites by keeping it bound in the enzyme-substrate
complex. Roussel and Igamberdiev [80] argued in favor of a
mechanism that should prevent the depletion of CO2 in the vicinity
of Rubisco below the range at which Rubisco is still operative. They
suggested that the oxygenase reaction of Rubisco could prevent the
CO2 concentration from dropping below a certain minimum level.
4.3. In silico study of electron and proton transport control in chloroplasts
One of the factors controlling electron transport in chloroplasts is
the light-induced acidiﬁcation of the thylakoid lumen. A decrease in
pHi is known to decelerate the oxidation of QH2 by the cytochrome b6f
complex, thus impeding electron ﬂow from PS2 to PS1 [31–36].
Acidiﬁcation of the lumen also causes the protonation of PsbS subunit
of PS2 that triggers the dissipation of absorbed light energy as heat
[38–40]. The chain of the feedback control of electron transport on the
acceptor side of PS1 includes the processes of ATP and NADPH
consumption in the BBC cycle. Results of our experiments in silico
conﬁrm the main points of pH-dependent regulatory mechanisms of
electron transport in chloroplasts in situ discussed above.
4.3.1. Light-induced redox transients of PS1 electron acceptors and
donors
Fig. 11 shows theoretical curves describing temporal patterns of
relative concentrations of P700+ (top panel), oxidized ferredoxin,
NADP+, and plastoquinone (central panel), the light-induced changes
in the lumen and stroma pH (pHi and pHo), and ATP concentration
(bottom panel). The time-course of P700 photooxidation reveals a
multiphase character, which is typical of experimental data for
dark-adapted leaves (phases A, B, and C). The initial rise of [P700+ ] to
an intermediate level A is followed by a lag phase (Δτ ~5 s), which
gives place to signiﬁcant rise of [P700+ ] toward a steady-state level
(phases B and C). The time-course of P700 photooxidation correlates
with non-monotonous changes in concentrations of NADP+ and
oxidized ferredoxin (Fd+). Immediately after switching the light on,
concentrations of NADP+ and Fd+ decrease (Fig. 11, central panel).
Then NADPH and ferredoxin gradually re-oxidize due to the light-
induced activation of the BBC cycle. Simultaneously with the rise of
[NADP+] and [Fd+], one can notice a signiﬁcant increase in [P700+ ].
These results are consistent with the notion that ‘over-reduction’ of
PS1 electron acceptors during the induction phase is among the
causes opposing P700 photooxidation [1].
Fig. 11. Time-courses of variables [P700+ ] (top panel), [Fd+], [NADP+] and [Q] (middle
panel), kinetics of ATP concentration and light-induced pH changes in stroma (pHo) and
lumen (pHi) (bottom panel). Concentrations of buffering groups in the lumen and stroma
were taken as Bi=0.2 mM (pKa=6.0) and Bo =25mM (pKa=6.0), respectively. Model
parameters characterizing the capacities of mobile electron carriers Q, Pc, Fd, and NADP
were as follows: [Q]0/[P700]0=10, [Pc]0/[P700]0=1.5, [Fd]0/[P700]0=8, and [NADP]0/
[P700]0=10; [ATP]0/[P700]0=200. In the initial state at the time moment t=0,
corresponding to dark-adapted chloroplasts, all P700 centers are reduced, 90% of
plastoquinone, 95% of ferredoxin and 80% of NADPmolecules were in the oxidized states.
Experimental kinetics of redox transients of P700 in Hibiscus rosa-sinensis leaf (top panel)
was registered after 10-min dark adaptation.
Fig. 12. Computed time-courses of electron ﬂuxes on the PS1 acceptor side: JBBC is the
electron ﬂux from ferredoxin to NADP+; JCEF1 is the electron ﬂux from ferredoxin to
quinone, and JO2 is the electron ﬂux from ferredoxin to oxygen (the Mehler reaction);
JPS1 is the overall ﬂux through PS1. Model parameters are the same as in Fig. 11.
344 I.V. Kuvykin et al. / Biochimica et Biophysica Acta 1807 (2011) 336–347The time-courses of pHi, pHo, and [ATP] are exempliﬁed in the
bottom panel of Fig. 11. The luminal pHi shows the non-monotonous
behavior. After the light-induced drop of pHi, its value slightly
increases toward a quasi-steady-state level pHi≈6. This value is close
to recent experimental estimates of pHi in higher plant chloroplasts
in vitro [84,85] and in vivo [71,86,87]. The stromal pH reaches pHo≈8.
This value is also close to experimental estimates [13,88,89]. The
light-induced generation of the trans-thylakoid pH difference corre-
lates with the net ATP synthesis. After a certain rise of ATP
concentration, a level of ATP decreases due to its consumption in
the activated BBC cycle.
Mathematical modeling enabled us to analyze the redistribution of
electron ﬂuxes on the acceptor side of PS1. Fig. 12 compares the
temporal behaviors of the total electron ﬂux through PS1 (JPS1) and
partial electron ﬂuxes JBBC, JCEF1, and JO2. Immediately after switching on
the light, the calculated value of the total ﬂux JPS1 drops. Initial phase of
JPS1 decrease (Fig. 12) correlates with the initial phase of P700
photooxidation (Fig. 11). This is because the electron ﬂux through PS1
is proportional to the product of P700 and Fd+ concentrations (JPS1~L1⋅
[P700]⋅[Fd+], where L1 is the light intensity, see for details Supplemen-
tary data). Therefore, the light-induced decrease in [P700] and [Fd+]
would lead to a decrease in JPS1. Then, after a lag phase, the electron ﬂux
through PS1 slowly decays toward a steady-state level. The light-
induced decrease in pHi causes a slowing down of QH2 oxidation by the
cytochrome b6f-complex and an enhancement of energy losses in PS2.
These processes are accompanied by re-oxidation of the plastoquinone
pool (Fig. 11, central panel).Note that the induction phase in the kinetics of P700 photooxida-
tion (Fig. 11, top panel) correlates with the redistribution of electron
ﬂuxes on the acceptor side of PS1. During the lag phase, CEF1 and
WWC give the marked contributions to electron ﬂow in PS1 (Fig. 12,
top panel). After the completion of the induction phase, CEF1 and
WWC become insigniﬁcant, whereas the relative contribution of
electron ﬂow to the BBC cycle (JBBC/JPS1) increases (Fig. 12, bottom
panel). This result is in agreement with the notion that CEF1 and
WWC can serve as the starters for ATP synthesis on the initial stages of
chloroplast illumination [5,7–10].
4.3.2. Effects of CO2 and O2 on electron ﬂuxes and NPQ
Our model adequately describes effects of oxygen depletion on
photosynthetic electron transport. In a good agreement with
experiment, theory predicts that at ambient concentrations of CO2
de-aeration of chloroplasts should be accompanied by dramatic
decrease in a steady-state level of P700+ (Fig. 5). Fig. 13 compares the
results of computer simulation of the effects of CO2 on LEF, pHi, and
pHo under aerobic (21% O2) or oxygen-deﬁcient (2% O2) conditions.
As one could expect, electron ﬂux through PS2 increases with the rise
of atmospheric CO2, reaching a steady-state level at [CO2] ≥0.15%
(Fig. 13A). At sub-saturating concentrations of CO2, just as in
experiment, depletion of oxygen causes a decrease in JPS2. The
inhibitory effect of oxygen depletion disappears at saturating
concentrations of CO2. These results agree with experimental data
(Fig. 10A), suggesting that the inhibition of electron outﬂow from PS1
to oxygen diminishes the overall rate of electron transfer through PS2.
As noted above, the down-regulation of LEF with lowering
atmospheric CO2 and depletion of oxygen can be explained by several
reasons. These reasons are: i) impediments to electron transfer on the
acceptor side of PS1, ii) deceleration of QH2 oxidation caused by
lowering the lumen pHi, and iii)enhancement of energy losses in PS2
(NPQ↑). Results of numerical experiments presented in Fig. 13B
support the mechanism of pH-dependent up- and down-regulation of
Fig. 13. Effect of CO2 on steady-state electron ﬂux through PS2, JPS2, vs. the
concentration of CO2 computed for two concentrations of atmospheric O2 (panel A).
Computed value JPS2 is proportional to experimentally measured ﬂuorescence
parameter ΦPS2. Open triangles show experimental points obtained for leaves exposed
to air atmosphere with different concentrations of CO2. Panel B shows the dependences
of stationary pH values in the lumen (pHi) and stroma (pHo).
Fig. 14. A scheme illustrating a network of the negative (arrows marked by sign
“minus”) and positive (arrows marked by sign “plus”) feedback control mechanisms in
photosynthetic chain of electron transport. Up and down vertical arrows symbolize an
increase or decrease in metabolite concentrations, respectively.
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acidic with decreasing the partial pressure of CO2 (Fig. 13B). At
ambient or low levels of CO2, the depletion of oxygen causes ad-
ditional decrease in pHi (Fig. 13B), which manifests itself in ex-
periment as an increase in NPQ (Fig. 10B).
5. Concluding remarks
In this work, we have investigated the short-term (~5–10 min)
effects of atmospheric CO2 and O2 on induction events in Hibiscus
rosa-sinensis leaves. These effects manifest themselves as multiphase
kinetics of P700 redox transitions (Figs. 3 and 4) and non-monotonous
changes in chlorophyll ﬂuorescence parameters (Fig. 9). Depletion of
CO2 and O2 causes a decrease in the rate of LEF (Fig. 10A) and dramatic
lowering of P700+ level (Fig. 5). These effects are explained by the
impediment to electron efﬂux from PS1 at low acceptor capacity.With
the release of the acceptor deﬁcit, the rate of LEF increases and
P700+ level enhances. Atmospheric oxygen promotes the outﬂow of
electrons from PS1, providing a rise of [P700+ ] at ambient and low
concentrations of CO2 in air (≤0.06–0.08%). Similar effects were
reported for leaves of other C3 plants (e.g., Spinacia oleracea [68] and
Arabidopsis thaliana [90]). A decrease in LEF upon depletion of CO2 and
O2 is accompanied by signiﬁcant (≥ 3-fold) rise of NPQ. This is in
agreement with effects of CO2 concentration and decreased O2
concentration on induction ﬂuorescence in leaves of other C3 plants
(N. tabacum [76,77], Spinach oleracea [91,92], Pisum sativum [93]).
Effects of atmospheric gases on electron transport are interrelated
with pH-dependent regulation events in chloroplasts. Fig. 14 presents
a general scheme of up- and down-regulation of electron transport
processes associated with the light-induced changes in pHi and pHo.
As noted above, a decrease in pHi will impede electron ﬂow between
PS2 and PS1. The light-induced rise of pHo can cause two opposite
effects. An increase in pHo will activate the BBC cycle reactions,
thereby stimulating the efﬂux of electrons from PS1 to NADP+. On the
other hand, alkalization of stroma would retard the plastoquinonereduction by PS2, thereby diminishing the electron ﬂow from PS2 to
PS1. At low PS1 acceptor capacity (low [CO2] and [O2]), a decrease in
LEF will lessen the ATP consumption in the BBC cycle. In this case, the
proton drain from the lumen through the ATP synthases becomes
slower. Therefore, the light-induced decrease in pHi will be more
signiﬁcant at low concentrations of CO2 (Fig. 13B). This explains why
NPQ increases with depletion of CO2 in air (Fig. 10). At ﬁrst sight, this
mechanism is somewhat similar to type II ﬂexibility mechanism
suggested in [7–10]. It should be noted, however, that we can explain
the reciprocal behavior of ﬂuorescence parameters ΦPS2 and qNPQ
(Fig. 10) without the implication of ﬂexible H+/ATP stoichiometry.
Mathematical modeling of electron and proton transport in
chloroplasts supports the above interpretation of experimental data
in the context of pH-dependent control of electron transport
processes. Our model shows how the interplay of positive and
negative feedback reactions (Fig. 14) manifests itself in multiphase
patterns of P700 redox transients (Fig. 11). The model predicts the
reciprocal changes in LEF and NPQ upon depletion of CO2 and O2. A
relative contribution of LEF to electron ﬂow through PS1 (JBBC/JPS1)
increases during the induction phase, while alternative electron ﬂuxes
(CEF1 andWWC) becomeweakened (Fig. 12). This result is consistent
with experimental evidence that in C3 plants CEF1 is insigniﬁcant
under the steady-state conditions.
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